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Role of A-opioid receptors in formalin-induced pain behavior in mice
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Abstract

Intraplantar formalin injection is widely used as an experimental model of tonic pain. We investigated the role of endogenous A-opioid
receptor mechanisms in formalin-induced nocifensive behavior in mice. The flinching response induced by formalin (2%, 20 Al) was studied
in mice with normal (wild type, n = 8) and absent (homozygous A-opioid receptor knockout, n = 8) A-opioid receptor levels. The flinch

responses were counted every 5 min for 60 min post-formalin injection. Lumbar spinal cord (L4, 5) was harvested 2 h post-formalin injection

to examine c-Fos expression using immunohistochemistry. The effects of naloxone (5 mg/kg, sc) administered 30 min before the intraplantar

formalin injection on the flinching response of wild-type mice (n = 7) were also recorded. The second-phase formalin response (10–60 min

after formalin) was higher in homozygous A-opioid receptor knockout mice compared to the wild-type mice (P < 0.01). Naloxone

administration in wild-type mice before formalin injection resulted in pain behavior similar to that observed in homozygous A-opioid receptor
knockout mice (P > 0.05). The c-Fos expression induced by formalin injection in the knockout mice was not different from that observed in

wild-type mice. Our results suggest that the endogenous A-opioid system is activated by intraplantar formalin injection and exerts a tonic

inhibitory effect on the pain behavior. These results suggest an important modulatory role of endogenous A-opioid receptor mechanisms in

tonic pain states.
D 2003 Elsevier Inc. All rights reserved.
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Introduction

The formalin test is a well-established and frequently used

model to study mechanisms of pain and to evaluate the

analgesic action of various endogenous and exogenous

substances. Unlike traditional reflex tests of nociception

(e.g. tail-flick, hot-plate), pain produced by the hind paw

injection of formalin results from persistent tissue damage

and, thus, more closely resembles clinical pain conditions

(Abbott et al., 1999; Dubuisson and Dennis, 1977; Murray et

al., 1988). The intraplantar injection of a formalin solution

produces a reproducible syndrome of nociceptive behaviors,

which appear in two distinct phases. The first (acute) phase

begins at the time of injection and lasts for about 10 min. The

subsequent, second (tonic) phase starts at 10 min postinjec-
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tion and has a duration of about 50 min. The first phase is

thought to result from a direct chemical activation of

nociceptive afferent fibers. The second phase is believed to

be mediated by the activation of central sensitized neurons

due to peripheral inflammation as well as ongoing activity of

primary afferents (Dubner and Ren, 1999; Hunskaar and

Hole, 1987; Puig and Sorkin, 1996). Using electrophysio-

logical studies, Dickenson and Sullivan (1987) demonstrated

that formalin application to a hind paw excited primary

afferent C-fibers in a biphasic manner and followed a time

course similar to that observed in behavioral studies. These

data suggest that formalin-induced nociception is mediated

by small-diameter unmyelinated nociceptors.

Studies on the role of opioid systems on nociception

suggest a tonic activation of the endogenous opioids by

subcutaneous formalin. Intracerebroventricular (icv) pre-

treatment with antiserum against h-endorphin or leu-en-

kephalin enhances the second-phase nociceptive responses

to formalin injection. Additionally, intrathecal (it) pretreat-

ment with antiserum against leu-enkephalin, met-enkephalin
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or dynorphin also enhances the second-phase nociceptive

responses to formalin injection (Ossipov et al., 1996; Wu et

al., 2001). These studies indicate that endogenous h-endor-
phin and leu-enkephalin at supraspinal sites as well as leu-

enkephalin, met-enkephalin and dynorphin in the spinal

cord produce tonic inhibition on nociceptive response in-

duced by formalin. Consistent with these findings, admin-

istration of an opioid receptor antagonist, naloxone,

increased formalin-induced second-phase nociceptive be-

havior (Ossipov et al., 1996; Sugimoto et al., 1986; Wheel-

er-Aceto and Cowan, 1993), although some previous reports

showed that naloxone had no effects (Kocher, 1988; Taylor

et al., 1997) or paradoxical analgesia (Vaccarino et al.,

1988) on formalin-induced nociceptive behavior. Further-

more, formalin injection elicits marked increases in h-
endorphin-like immunoreactivity in ventral periaqueductal

gray (PAG) and other brain regions that are important in

pain control (Zangen et al., 1998). It was also demonstrated

that formalin injection induces release of met-enkephalin-

like substance from the rat spinal cord. Taken together, these

lines of evidence suggest that the endogenous opioid system

is activated by formalin and this activation results in

inhibition of nociceptive responses.

The opioid receptors mediating the antinociceptive effects

of endogenous opioid peptides in the formalin test are still

unclear. Blocking specific opioid receptors with systemic

injection of their respective antagonists, Ossipov et al.

(1996) demonstrated that n- and y-, but not A-, opioid

receptors were involved in mediating the antinociceptive

properties of the endogenous opioid system on formalin-

induced nociceptive responses. In contrast, Wu et al. (2001,

2002) demonstrated that A- and presumed q-, but not n- and
y-, opioid receptors in supraspinal site, as well as A- and y1-,
but not y2- and n-, opioid receptors in spinal cord, were

involved in mediating the antinociceptive properties of the

endogenous opioid system on formalin-induced nociceptive

responses. The reasons for these discrepancies are unclear.

However, the relative specificity and selectivity of the

antagonists used and the different animal species used may

be contributing factors. Elucidation of the potentially differ-

ent analgesic contribution of each opioid receptor subtype is

of considerable importance for developing improved anal-

gesic medications with minimal undesirable effects.

Studies in transgenic mice have been used in recent years

to understand better the role of receptor mechanisms in the

signaling of pain. Recently, mice lacking the A-opioid
receptor gene have been used to characterize the role of A-
opioid receptors in nociception and the analgesic actions of

opioid agonists (Uhl et al., 1999). The aim of the present

study was to investigate the function of endogenous A-opioid
receptor mechanisms in formalin-induced nociceptive

behaviors using A-opioid receptor knockout and wild-type

mice, as well as to reexamine the effect of naloxone on the

formalin-induced nociceptive behaviors in wild-type mice.

Numerous studies have shown that formalin injection in

the hind paw induces rapid and transient expression of the
immediate early gene c-fos in the spinal cord (Harris, 1998)

and c-fos expression in the spinal cord has been widely used

as a marker of neuronal activation (Dickenson et al., 1997;

Munglani and Hunt, 1995). A correlation has been observed

between formalin-induced nocifensive behavior and spinal

Fos protein expression (Gogas et al., 1991; Hammond et al.,

1992). Hence, we also investigated whether the expression

of Fos protein induced by formalin injection was different in

wild-type and A-opioid receptor knockout mice.
Materials and methods

The experiments were performed using male, 8–12 weeks

old, homozygous A-opioid receptor knockout and wild-type

littermates. Wild-type and homozygous A-opioid receptor

knockout mice were generated from random heterozygote

crosses of mice developed in Uhl’s laboratory maintaining a

mixed C57/129sv background (Sora et al., 1997). The ani-

mals were maintained in a 12-h light–dark cycle and were

provided with food and water ad libitum. The A-opioid
receptor knockout mice displayed no gross developmental

abnormalities, were fertile, appeared healthy, and could not

be distinguished from wild-type mice based on their appear-

ance. The investigators were blinded to genotype and drug

administration. The research protocol was approved by the

Johns Hopkins Animal Care and Use Committee.

Formalin test

Mice were placed into a transparent observation chamber

(30 � 30 � 25 cm) for adaptation 30 min before the

experiments. Mice were then gently held and injected

subcutaneously with 20 Al of 2% formalin solution in the

plantar surface of the right hind paw with a 26-gauge

needle. After formalin injection, mice were then placed into

the original chamber and were observed for flinching

behavior. Flinches were counted during 5-min intervals,

starting from the time of formalin administration through

60 min postinjection.

Opioid antagonist study

The opioid antagonist naloxone (5 mg/kg, 250 Al) was
administered subcutaneously 30 min before formalin injec-

tion in wild-type mice. Normal saline was used as the

vehicle control.

Immunohistochemistry

The animals were deeply anesthetized with pentobar-

bital sodium (60 mg/kg, ip) and perfused with 4%

paraformaldehyde in phosphate buffer (0.1 M, pH 7.4)

2 h after the formalin injection. The lumbar spinal cord

was removed, postfixed in the same fixative solution for

4 h, cryoprotected by immersing in 30% sucrose over-



Fig. 1. Intraplantar formalin injection results in enhanced pain behavior in A-
opioid receptor knockout mice compared to wild-type mice. (A) Time course

of the flinch response after formalin injection [repeated two-way ANOVA,

group main effect: F(1,14) = 9.02, P < 0.01; *P < 0.05; **P < 0.01;

***P < 0.001 compared with wild-type group]. (B) Total number of

flinches during phase I (0–10 min) and phase II (10–60 min) of the

nocifensive response to formalin injection (**P < 0.01 compared with

wild-type group, Student’s t test).

Fig. 2. Naloxone administration in wild-type mice resulted in greater phase

II nociceptive responses to intraplantar injection of formalin in the hind

paw. (A) Time course of the flinch response after formalin injection

[repeated two-way ANOVA, group main effect: F(1,12) = 11.29, P < 0.01;

*P < 0.05; **P < 0.01 compared with normal saline group]. (B) Total

number of flinches during phase I (0–10 min) and phase II (10–60 min) of

the nocifensive response to formalin injection (**P < 0.01 compared with

normal saline group, Student’s t test).
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night at 4jC and frozen-sectioned at 30 Am. Sections

were incubated in polyclonal rabbit anti-Fos serum

(1:4000; Santa Cruz Biotechnology, Santa Cruz, CA,

USA) diluted in 0.01 M phosphate-buffered saline (pH

7.4) containing 3% normal goat serum and 0.25% Triton

X-100 for 48 h at 4jC. The sections were then incubated

in biotinylated goat anti-rabbit IgG (1:200, Vector Lab)

for 1 h at 37jC followed by avidin–biotin–peroxidase

complex (1:100; Vector Lab) for 1 h at 37jC. The

immune reaction product was visualized by catalysis of

3,3-diaminobenzidine by horseradish peroxidase in the

presence of 0.01% H2O2.

Eight to ten sections were randomly taken from the

lumbar segment (L4–L5) of the spinal cord of each mouse

and were examined microscopically to quantify the Fos-like

immunoreactivity (Fos-LI) positive neurons in four different

areas: laminae I–II, III–IV, V–VI and VII–X.
Statistical analysis

Data are presented as the mean F SEM. Comparisons of

the number of flinching behavior or Fos-LI positive neurons

between groups were performed by repeated two-way

ANOVA. For comparing the total number of flinches in

phase I or II formalin nociceptive behaviors between

groups, Student’s t test was used. Statistical significance

was established at the 95% level (P < 0.05).
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Results

l-Opioid receptor knockout mice exhibited an increase in

the number of formalin-induced flinches in the second phase

Intraplantar subcutaneous injection of 20 Al of 2% forma-

lin produced a typical biphasic nociceptive hind paw flinch-



Fig. 3. Fos expression in lumbar spinal cord induced by formalin is similar

in wild-type and A-opioid receptor knockout mice. A and B are the

photomicrographs of transverse sections of the lumbar spinal cord

illustrating the distribution of formalin-evoked Fos-LI neurons in wild-

type and A-opioid receptor knockout mice. C shows the numbers of Fos-LI

neurons in different laminae of lumbar spinal cord ipsilateral to formalin

injection in wild-type and A-opioid receptor knockout mice. The numbers of

Fos-LI neurons in different laminae between wild-type and A-opioid
receptor knockout mice were not significantly different (repeated two-way

ANOVA).
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ing in all mice tested. The initial acute phase began immedi-

ately after injection and lasted up to 10 min. The second tonic

phase began 15min post-formalin injection, peaked at 30–35

min and dissipated 60 min after formalin administration in

wild-type mice. During the acute phase, there was no signif-

icant difference in the number of flinches between A-opioid
receptor knockout mice and wild-type mice (Figs. 1A and B);

however, the number of flinches during the tonic phase was

significantly greater in A-opioid receptor knockout mice than

in wild-type mice [repeated two-way ANOVA, group main

effect: F(1,14) = 9.02, P < 0.01 in Fig. 1A; Student’s t test:

P < 0.01 in Fig. 1B].

Naloxone increased the number of formalin-induced

flinches in the second phase in wild-type mice

Compared with normal saline, subcutaneous injection of

naloxone (5 mg/kg) 30 min before intraplantar formalin

injection elicited a significant increase in the number of

flinches observed during the phase II [repeated two-way

ANOVA, group main effect: F(1,12) = 11.29, P < 0.01 in

Fig. 2A; Student’s t test: P < 0.01 in Fig. 1B] but not during

the phase I formalin nociceptive behaviors in wild-type mice

(Figs. 2A and B). There is no significant difference in the

number of flinches observed during phase II formalin

nociceptive behaviors in wild-type mice injected with nal-

oxone (shown in Figs. 2A and B) compared with that in A-
opioid receptor knockout mice [shown in Figs. 1A and B;

repeated two-way ANOVA, group main effect: F(1,13) =

0.4, P > 0.05].

No difference of formalin-induced c-Fos expression in

lumbar spinal cord between wild-type and l-opioid receptor
knockout mice

Two hours after formalin injection, the lumbar 4 and 5

spinal cord was harvested to investigate the Fos expression

in the spinal cord with immunohistochemistry. As previous-

ly reported (Presley et al., 1990), Fos-LI positive neurons

are mostly in the laminae I–II and V–VI but less in III–IV

and VII–X (Figs. 3A–C). The number of Fos-LI positive

neurons in laminae I–II, III–IV, V–VI and VII–X in A-
opioid receptor knockout mice was not different compared

with wild-type mice [repeated two-way ANOVA, group

main effect: F(1.9) = 2.33, P = 0.16; Figs. 3A–C].
Discussion

We observed in this study that the A-opioid receptor

knockout mice developed a more robust phase II nocicep-

tive flinching response after intraplantar injection of forma-

lin compared with wild-type mice. In addition, we observed

that naloxone administration in wild-type mice resulted in a

similar increase in flinching during formalin-induced phase

II response. These data suggest that endogenous opioid



C.-S. Zhao et al. / Experimental Neurology 184 (2003) 839–845 843
peptides interacting with A-opioid receptors exert a signif-

icant antinociceptive role during the second phase of the

formalin test in wild-type mice. Our observations are

consistent with that of Wu et al. (2002) who showed an

increase in phase II formalin-induced licking after intra-

cerebroventricular or intrathecal administration of the A-
opioid receptor antagonist, CTOP. Additional evidence that

activation of A-opioid receptors produces inhibition of the

formalin-induced nociceptive behaviors stems from phar-

macological studies. Morphine, primarily a A-opioid recep-

tor agonist, decreases both the acute and tonic phases of the

formalin-induced nociception (Guhring et al., 2001; Shan-

non and Lutz, 2002; Wettstein and Grouhel, 1996). Also, the

A-opioid receptor selective agonist, DAMGO, produced

inhibition of formalin-induced nociception (Gogas et al.,

1991; Machelska et al., 1997; Przewlocka et al., 1999).

Martin et al. (2003) recently reported that A-opioid
receptor knockout mice showed slightly increased responses

in the early but not the late phase of the formalin test. The

discrepancies between our observations and that of Martin

et al. may be, in part, due to methodological differences. A

difference between these two studies is that 5% formalin

solution was used in Martin et al.’s study, whereas a lower

concentration (2%) was used in our study. A high concen-

tration of formalin may produce a ceiling effect in the

behavioral response that impedes the detection of weak

analgesic effects (Tjolsen et al., 1992). Furthermore, Martin

et al. (2003) measured licking behavior, whereas we mea-

sured flinching. Interestingly, systemic naloxone led to an

increase in the number of flinching but a decrease in licking

during the phase II formalin nociceptive responses in rats

(Wheeler-Aceto and Cowan, 1993).

The endogenous opioid peptides that may be released

and produce the antinociceptive effect through A-opioid
receptors during the formalin test have been studied. Sub-

cutaneous injection of formalin elicits marked increases in

h-endorphin-like immunoreactivity in the ventral PAG and

other brain regions that are important in pain control (Porro

et al., 1991), and also increases the release of h-endorphin in
the arcuate nucleus at time points corresponding to the

second phase of the formalin response (Zangen et al.,

1998). Furthermore, pretreatment with an antiserum against

h-endorphin enhances nociceptive response following for-

malin injection (Wu et al., 2001). Hamba (1988) reported

that rats display increased behavioral responses to formalin

injection after lesions of the arcuate nucleus of the hypo-

thalamus, the primary site of h-endorphin-producing cells in
the central nervous system. These findings indicate that

formalin-induced stimulation activates the central h-endor-
phin system at supraspinal sites, thus inhibiting the phase II

formalin-induced nociceptive responses. h-Endorphin has

approximately equal affinity for both A- and y-receptors
(Pasternak, 1993) and may also have its own unique binding

site called q-receptors (Narita and Tseng, 1998). Some

effects of h-endorphin have been reported to be mediated

by the stimulation of A-opioid receptors (Monroe et al.,
1996). The antinociception induced by h-endorphin micro-

injected into PAG of rats or injected intracerebroventricu-

larly in mice is blocked by A-opioid receptor antagonist CTP
(D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2), indicating

that A-opioid receptors are involved in h-endorphin-induced
antinociception (Monroe et al., 1996; Shook et al., 1988).

So, the released h-endorphin may, at least partially, be

involved in attenuation of the formalin-induced nociception

through A-opioid receptors.

Endomorphin-1 and -2 are believed to be the endogenous

ligands for A-opioid receptors with the highest affinity and

selectivity for the A-opioid receptors compared with all the

other known endogenous opioids. They localize in the

central nervous system regions of high A-opioid receptor

density (Zadina et al., 1999). Both intracerebroventricular

and intrathecal injections of endomorphins were shown to

decrease the phase I and II formalin-induced nociception

(Przewlocka et al., 1999; Soignier et al., 2000). It is possible

that endogenous endomorphin-1 and -2 produce antinoci-

ceptive effect via A-opioid receptors during the formalin

test. Whether there is tonic release of endomorphins after

formalin injections and whether antisera against endomor-

phins enhance formalin-induced nociception is worthy of

investigation.

We have shown that the first phase of the nociceptive

response to formalin stimulation in A-opioid receptor knock-

out mice is not different than wild-type mice. These findings

suggest that endogenous A-opioid receptor system is prob-

ably not tonically active under normal circumstances but is

activated by formalin injection and produces its antinoci-

ceptive effects during tonic phase. This hypothesis is

supported by our finding that naloxone can only enhance

tonic (second)-phase formalin-induced nociceptive behavior

in wild-type mice. Likewise, other investigations found that

A-opioid receptor antagonist CTOP or antiserum against h-
endorphin can only enhance tonic-phase formalin-induced

nociceptive behavior (Sugimoto et al., 1986; Wu et al.,

2002).

A-Opioid receptor knockout mice are similar to wild-type

mice in a number of functional screening tests and bio-

chemical observations (Sora et al., 1997). These findings

suggest that the A-opioid receptor may be independently

regulated and the absence of A-opioid receptors during

development may be compatible with normal or near normal

function in a number of brain circuits that express opiate

receptors (Sora et al., 1997). Hence, the potential adaptive

changes in other systems induced by A-opioid receptor gene

deletion could not account for the behavioral differences in

nociceptive responses found in this study. To further inves-

tigate our hypothesis, we did pharmacological experiments

with naloxone. Consistent with the enhanced formalin-

induced tonic-phase flinch response in A-opioid receptor

knockout mice, we demonstrated that a subcutaneous injec-

tion of naloxone 30 min before formalin administration

significantly enhanced the pain behavior during the tonic

phase. This is consistent with the report by Ossipov et al.
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(1996) who demonstrated that intraperitoneal naloxone

enhanced the second-phase flinching response induced by

intraplantar formalin injection in rats.

Consistent with previous report (Presley et al., 1990), our

present study shows that the neurons expressing Fos after

formalin injection are mainly in laminae I–II and V–VI of

the dorsal horn. These laminae are sites where primary

nociceptive afferent fibers terminate and also correspond

to the distribution of neurons that respond to nociceptive

stimuli (Bullitt, 1991; Hunt et al., 1987; Presley et al.,

1990). Although our study showed that endogenous A-
opioid system may inhibit the formalin-induced flinching

response, we did not observe a significant change in the

expression of Fos in the spinal cord. The correlation

between spinal Fos expression and nociception is contro-

versial. Some studies suggest that there is a link between

nociception and Fos expression in the spinal cord (Gogas et

al., 1991; Hammond et al., 1992). However, other studies,

including our present study, indicate a dissociation between

pain behaviors and Fos expression (Hamalainen et al., 1996;

Harris, 1998; Presley et al., 1990). The reason for this

dissociation is not clear. A possibility is that Fos expression

is not adequately dynamic to be a sensitive index of change

in pain behavior. Most studies of Fos expression, including

ours, use immunohistochemistry to count the number of

positive neurons. In this technique, it is difficult to measure

quantitative differences in Fos expression above the detect-

able level of Fos. Thus, changes in staining intensity are not

taken into account. In conclusion, our study, together with

the above reported studies (Hamalainen et al., 1996; Harris,

1998; Presley et al., 1990), suggests that expression of Fos

in spinal neurons does not consistently correlate with pain

behavior, and hence, Fos expression may not always be a

reliable quantitative index of nociception.

In summary, our results suggest that the endogenous A-
opioid system is activated by a prolonged noxious stimulus,

such as the intraplantar formalin injection, and exerts a tonic

inhibitory effect on pain behavior. These results provide

further evidence for an important modulatory role of en-

dogenous A-opioid receptor mechanisms in tonic pain states.
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